Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL), a member of the TNF superfamily of cytokines, is one of the most promising candidates for cancer therapeutics. However, many osteosarcomas are resistant to TRAIL. Bisphosphonates are very effective in the treatment of bone problems associated with malignancies; the antitumor effects are due to the inhibition of protein prenylation that is essential for cell function and survival. The purpose of this study was to determine the effects of bisphosphonates on TRAIL-resistant MG 63 human osteosarcoma cells. The cells showed no response to TRAIL alone; however, pre-treatment with bisphosphonates significantly increased TRAIL-mediated apoptosis and cellular activation of caspase-3. Bisphosphonates significantly induced mRNA and protein expression of the TRAIL receptor, DR5. Bisphosphonates induced protein unprenylation in MG 63 cells; in addition, co-treatment with TRAIL also significantly increased protein unprenylation. Blocking of protein unprenylation using geranylgeraniol attenuated the cellular responses, including cell apoptosis and protein unprenylation induced by bisphosphonates and TRAIL. This is the first study to demonstrate that bisphosphonates markedly enhanced TRAIL-induced apoptosis in human osteosarcoma cells. These findings suggest that bisphosphonates may be a new and effective anticancer treatment with TRAIL proteins for TRAIL-resistant cancer cells.
Introduction
Osteosarcoma (OS) is the most common malignant bone tumor in both children and adolescents . The estimated incidence of OS is 4-5 per million in the population (Hori et al., 2010) . OS is characterized by the proliferation of neoplastic cells directly from bone or osteoid tissue (Cabral et al., 2009) . For the 40% of patients that develop disease progression of OS, after first line therapy, further treatment with additional chemotherapy is palliative and toxic (Dean et al., 2005) . The major problems associated with chemotherapy are present includeing the cytotoxic effects of chemotherapy on normal tissues and organs; in addition, there is frequent development of drugresistant phenotypes. Both are significant drawbacks to the effectiveness of chemotherapy (Chou and Gorlick, 2006) . Thus, novel, safe and more effective anti-cancer treatments are needed for patients with chemotherapy-resistant OS.
Tumor necrosis factor (TNF)-related apoptosisinducing ligand or Apo2 ligand (TRAIL/Apo2L) is a member of the TNF superfamily of cytokines (Shin et al., 2002) . TRAIL preferentially induces apoptosis in cancer cells, both in vitro and in vivo, while exhibiting little or no toxicity in normal cells and tissues (Mahalingam et al., 2009) . TRAIL induces apoptosis upon binding to its death domain-containing receptors, TRAIL receptor 1 (DR4) and TRAIL receptor 2 (DR5). Upon binding to DR4 or DR5, TRAIL induces receptor trimerization to form a structure known as the death-inducing signaling complex (DISC), which activates caspase-8, leading directly to the activation of caspase-3 and subse- 
magnification) and cell number (B, as determined using crystal violet staining). MG 63 cells were treated with alendronate at the indicated concentrations (A, C) or with 50 μM for 24 h (B, D) and/or with 400 ng/ml of TRAIL for an additional 12 h. Before adding 1% sodium dodecyl sulfate into sample-containing wells, the result of crystal violet staining of each well was monitored (B). Viability of control cells was set at 100%, and viability relative to the control is presented (B). (C) Alendronate dose-dependently enhanced TRAIL-induced MG 63 cell death. Cell death was assessed by the trypan blue exclusion method and is expressed as the percentage ratio of dead cells to live cells. (D) Various kinds of N-BPs had a similar effect of increasing TRAIL-induced cytotoxicity of MG 63. Alendronate was the most effective among the tested N-BPs. Cytotoxicity was calculated by measuring the amount of LDH released from the cytosol of N-BPs damaged cells. The data were analyzed using analysis of variance (ANOVA) and Duncan multiple range test (P ＜0.05). *Indicates a significant difference from control (*P ＜0.05, **P ＜0.01). The experiments were repeatedly performed to confirm the results.
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quent apoptosis (Mahalingam et al., 2009; Hori et al., 2010) . TRAIL sensitivity is also regulated by antiapoptotic genes, such as the cellular FLICElike inhibitory protein (c-FLIP) and inhibitor of apoptosis (IAP). c-FLIP prevents apoptosis by blocking the association of caspase-8 with DISC. IAP can bind and inactivate caspases-3, -7, and -9 (Mahalingam et al., 2009; Hori et al., 2010) . Most human cancer cell types that have been tested are sensitive to the apoptotic effects of TRAIL. However, many OS cells respond poorly to the cytotoxic effects of TRAIL alone; induction of apoptosis requires additional treatment with other chemotherapeutic agents that damage normal cells and tissues (Evdokiou et al., 2002) . Thus, safe and more effective adjuvant treatments for OS other than DNA-damaging agents are needed.
Bisphosphonates (BPs) suppress osteoclastic bone resorption and are currently the most important class of antiresorptive drugs used for the treatment of metabolic bone diseases; they are frequently used in oncology to treat bone complications of malignancies (Roux and Dougados, 1999; Kavanagh et al., 2006) . The nitrogen-containing bisphosphonates (N-BPs) are very effective for the treatment of bone problems associated with malignancy, including hypercalcemia and/or increased bone destruction (Ross et al., 2004; Russell et al., 2008) . N-BPs reduce the survival, proliferation, adhesion, migration, and invasion of tumor cells in vitro (Clezardin et al., 2005) . Most, if not all, of these antitumor effects of N-BPs in vitro are due to inhibition of farnesyl diphosphate synthase (FPPS) in the 3-Hydroxy-3-methylglutaryl coenzyme A) (HMG-CoA) reductase pathway; this is because the effects of N-BPs can be largely overcome by replenishing cells with isoprenoid substrates (farnesol or geranylgeraniol) essential for connecting some small proteins to the cell membrane. The addition of either of these two metabolites to proteins is known as prenylation, which is important for the proper sub-cellular protein trafficking as well as cell survival and function (Coxon et al., 2004) . However, potential enhancement of the effects of the apoptotic pathway, by co-treatment with N-BPs and TRAIL, and determination of the effects on the death receptor pathway with N-BPs, has not yet been studied.
The demonstration that treatment with N-BPs enhances TRAIL-induced apoptosis of cancer cells prompted us to postulate that enhanced DR5 expression and inhibition of protein prenylation, by treatment with N-BPs followed by TRAIL, may be an ideal treatment approach for improved killing of cells without adversely affecting normal tissues in patients with OS. This study was undertaken to examine the combined effects of N-BPs and TRAIL treatment on apoptosis, and to elucidate the molecular mechanisms of apoptosis in human OS cell lines. The magnification is ×200. (B-E) MG 63 cells were pretreated with 50 μM alendronate (B) or 100 μM risedronate (D) 10 μM GGOH and/or cholesterol and/or 100 μM Z-VAD-fmk (E) for 24 h with/without 400 ng/ml of TRAIL for an additional 4 h. Cell lysates were analyzed by immunoblotting using antibodies for cleaved caspase-3. (C) MG 63 cells were treated as described in Figure 2A and the cells were fixed and stained with cleaved caspase-3 and Alexa flour 546-conjugated secondary antibody, followed by fluorescence microscope analysis.
Results

Combined treatment with N-BPs and TRAIL significantly induced cell death in TRAIL-resistant OS cells
MG 63 cells were tested for their susceptibility to N-BPs and/or TRAIL as assessed by cell morphology using light microscopy, crystal violet staining, trypan blue exclusion and a lactate dehydrogenase cytotoxicity assay. Only TRAIL alone had no cytotoxic effect on the MG 63 cells (Figures 1A-1D ). The N-BPs were only weakly cytotoxic ( Figures 1A-1D ). Separate treatments with N-BPs or TRAIL induced cell death in only 8% and 6% of MG 63 cell populations, respectively. However, their combined use markedly enhanced MG 63 cell death (46%) ( Figures 1A-1D ). In addition, risedronate and zoledronate enhanced TRAIL-induced cytotoxicity of the TRAIL-resistant MG 63 cells. Of the three tested compounds, alendronate most effectively increased the cytotoxic effect of TRAIL ( Figure 1D ). These results provide evidence that combined treatment with N-BPs and TRAIL damages OS cells.
Treatment with N-BPs significantly sensitizes OS cells to TRAIL-induced apoptosis
To explore whether N-BPs could enhance TRAILinduced apoptosis in MG 63 OS cells, the cells were pretreated with 50 μM alendronate for 24 h, and then exposed to 400 ng/mL TRAIL for 12 h. The apoptotic index was assessed by a TUNEL assay and detection of the active form of caspase-3. Few TUNEL-positive cells were evident in MG 63 OS cells treated with either TRAIL or N-BPs (Figure 2A ). However, after combination treatment with N-BPs and TRAIL, the number of TUNELpositive cells increased ( Figure 2A ). Next, Western blot examination and immunofluorescence staining were used to confirm that N-BPs markedly sensitized MG 63 cells to caspase-3 activation in response to TRAIL. Treatment with each drug alone scarcely activated caspase-3, but combination treatment significantly activated caspase-3 ( Figures  2B-2D ). These results indicate that, although the separate treatment with N-BPs or TRAIL had little effect on MG 63 cell apoptosis, the two combined were highly effective in causing OS cell apoptosis. These results provide evidence that N-BPs can enhance TRAIL-induced apoptosis.
N-BPs up-regulate DR5 proteins in a dose-and time-dependent manner
To determine how N-BPs potentiate TRAIL-induced apoptosis, an experiment investigated the influence of N-BPs on the TRAIL receptor DR5. MG 63 cells were treated with various concentrations of alendronate [(0-500 μM) for 24 hours], or with 50 μM alendronate for various times (0-36 hours). Alendronate increased DR5 protein expression in the MG 63 cells in a dose-dependent manner ( Figure  3A ) and a time-dependent manner ( Figure 3B ). In addition, to investigate whether induction of DR5 by N-BPs occurred at the transcriptional level, DR5 mRNA expression was ascertained after the cells were treated with alendronate. Alendronate induced the appearance of the DR5 transcript ( Figure 3C ), suggesting action at the transcriptional level. In cells treated with alendronate, the expression of the DR5 protein was increased by about two fold compared to the control cells, and co-treatment with alendronate and TRAIL significantly increased the DR5 protein expression ( Figure 3D ). Treatment with geranylgeraniol (GGOH), which blocks N-BPsinduced protein unprenylation, did not affect the increment of DR5 protein induced by alendronate and TRAIL treatment ( Figure 3D ). These results were consistent with the suggestion that protein unprenylation does not affect DR5 protein expression. The expression level of c-FLIP and cIAP2 proteins, involved in apoptosis inhibition, showed no change in cells treated with alendronate and/or TRAIL ( Figure 3E ). These results indicated that N-BPs up-regulated the expression of DR5 protein and suggest that N-BPs may enhance TRAILinduced MG 63 cell death.
Inhibition of protein prenylation contributes to enhancement of TRAIL-induced apoptosis
To determine the mechanisms underlying sensitization of TRAIL-induced apoptosis by N-BPs, an experiment to measure Rap 1A, a geranylgeranylation marker that binds to the non-geranylgeranylated form, was performed. As expected, 50 μM alendronate inhibited geranylgeranylation and the combination of alendronate and TRAIL increased the unprenylated form of Rap 1A protein compared to treatment with alendronate alone ( Figure 4A) . A similar result was observed with treatment of 100 μM risedronate ( Figure 4B ). To investigate whether the inhibition of protein prenylation affected cell survival, MG 63 cell viability was measured following exposure to 50 μM alendronate and/or 400 ng/ ml TRAIL and/or 10 μM GGOH. Inhibition of protein prenylation by N-BPs and TRAIL was reversed by GGOH, and cell viability was recovered ( Figures  4A-4C) , indicating that the inhibition of protein MG 63 cells were pretreated with 50 μM alendronate (A) or 100 μM risedronate (B) 10 μM GGOH and/or cholesterol and/or 100 μM Z-VAD-fmk (E) for 24 h with/without 400 ng/ml of TRAIL for an additional 4 h. Following treatment, MG 63 cell lysates were collected and immunoblotted with antibodies specific for unprenylated Rap 1A and β-actin. (C) MG 63 cells were pretreated with 50 μM alendronate, 10 μM GGOH and/or cholesterol for 24 h with/without 400 ng/ml TRAIL for an additional 24 h. Cell viability was determined by crystal violet staining. Viablility of control cells was set at 100%, and viability relative to the control is presented. (D) MG 63 cells were treated as described in Figure  2D and total cholesterol levels were measured and normalized to protein concentration. *Indicates a significant difference from control (*P ＜0.05, **P ＜0.01).
# P ＜0.05. The experiments were repeatedly performed to confirm the results. prenylation by N-BPs contributes to N-BPs-mediated enhancement of TRAIL-induced apoptosis.
N-BPs can block the enzyme FPPS in the HMG-CoA reductase pathway, which is related to cholesterol synthesis (Coxon et al., 2000) . Therefore, an experiment to assess the differences in cholesterol levels between N-BPs and/or TRAIL treatment alone, and the addition of cholesterol, was carried out. In addition, whether the different amounts of cholesterol affected N-BPs-mediated TRAIL-induced apoptosis was examined. Treatment with risedronate decreased the cholesterol levels; the levels were recovered by the addition of cholesterol ( Figure 4D ). However, the cholesterol recovery did not reverse the N-BPs-mediated and TRAIL-induced death of MG 63 cells. These results suggest that N-BPs sensitization to TRAIL-induced apoptosis does not appear to be related to the inhibition of cholesterol synthesis.
Discussion
The main goal of this study was to demonstrate apoptosis of TRAIL-resistant cancer cells using N-BPs. The results show that resistance of OS cells to TRAIL can be overcome by the use of N-BPs; this finding supports the potential use of N-BPs for therapeutic intervention strategies in conditions that have been very difficult to treat. Despite recent progress in surgery and chemotherapy, the outcome of patients with OS remains poor (Lamoureux et al., 2009) . TRAIL offers great promise for the pharmacological treatment of cancer. However, many OS cells acquire resistance to TRAIL alone and induction of apoptosis requires additional treatment with other chemotherapeutic agents (Chou and Gorlick, 2006) .
The beneficial effects of BPs on bone metastasis of different solid tumors have been demon-strated (Coleman, 2005) . Therefore, N-BPs are currently used as adjuvants and sensitizing agents for TRAIL-induced apoptosis. The results of this study showed that MG-63 OS cells were resistant to the apoptotic effect of TRAIL (Figures 1 and 2) . However, the MG-63 cells underwent apoptosis after pretreatment with N-BPs (Figures 1 and 2) . Treatment with N-BPs alone failed to cause apoptosis of the MG 63 cells; however, co-treatment with TRAIL rapidly increased MG 63 cell apoptosis (Figures 1 and 2) .
Adjuvant agents that lower resistance of cancer cells to TRAIL alter the expression of apoptosis inhibitors such as c-FLIP and IAP family members (Mirandola et al., 2006) . In this study, the results showed that treatment with N-BPs did not change the expression of c-FLIP and cIAP2 proteins; the findings indicated that treatment with N-BPs do not appear to be able to regulate anti-apoptotic signals; however, they appear to be able to regulate pro-apoptotic signals (Figure 3) . The proapoptotic signals of TRAIL-related molecular mechanisms were investigated by the expression of DR5. The N-BPs increased DR5 protein expression in a dose-and time-dependent manner ( Figure 3) ; these results provide strong evidence that up-regulation of DR5 can render OS cells sensitive to TRAIL-induced apoptosis. The expression of death receptors has been correlated to the TRAIL response of various tumor cells (Locklin et al., 2007) . These results indicate that N-BPs-mediated enhancement of TRAIL-induced apoptosis was due to the up-regulation of DR5 expression.
However, the results that only TRAIL treatment increased DR5 protein expression without affecting cell viability and that the addition of GGOH did not affect DR5 expression cloud the issue of how N-BPs can overcome TRAIL resistance. The antitumor action of N-BPs in a variety of human cancer cells is due to the inhibition of protein prenylation (Coxon et al., 2000) . This point was the focus of this study; the unprenylated form of Rap1A proteins in OS cells treated with N-BPs, TRAIL and/or GGOH were examined. N-BPs increased protein unprenylation as expected. The protein prenylation inhibition effect of N-BPs could be completely overcome by adding GGOH, required for protein prenylation (Figure 4 ). These results demonstrate that blocking protein prenylation caused cell apoptosis. Use of the pancaspase blocker z-vad-fmk partially blocked the unprenylation effect of N-BPs ( Figure 4E ), suggesting that prenylation is dependent on the activation of caspase-3. This is contrary to the widely held idea that inhibition of protein prenylation causes activation of caspase-3, thereby leading to cell apoptosis. These results suggest that protein prenylation and the activation of caspase-3 interact with each other.
In summary, the results of the present study indicate that N-BPs induce DR5 expression and protein unprenylation, which contributes to circumvented resistance of OS cells to TRAIL-induced apoptosis and enhanced TRAIL-induced apoptosis. This is the first study to identify an effective anticancer action of the combined treatment of N-BPs and TRAIL for TRAIL-resistant OS cells. These results support the therapeutic potential of N-BPs as an effective adjuvant for TRAIL-related anticancer drug therapy in patients with OS.
Methods
Materials
Human MG 63 osteoblast-like osteosarcoma cells were grown in DMEM with 10% fetal bovine serum to 70% confluence. Cells were treated for 24 or 48 hours with BPs at concentrations ranging from 10 -3 to 10 -5 M. Before treatment, cells were preincubated for 2 hours in DMEM with 1% FBS (basal medium). Cells were treated with alendronate sodium trihydrate (Sigma), risedronate sodium (Actonel Ⓡ ; Procter and Gamble Pharmaceuticals) and zoledronic acid (Zometa Ⓡ ; Norvartis).
Cell viability test
Direct microscopic observation. The hallmarks of cell degeneration were assessed by morphological criteria. After the treatment, the cells were photographed with a light microscope (ECLIPSE TS100; Nikon, Japan). Crystal violet staining. The cells were incubated with N-BPs for additional experimental hours. Cell viability was determined by the crystal violet staining method as previously described (Seol et al., 2007) . Trypan blue exclusion test. Cells were incubated with N-BPs for additional experimental hours. The cell viability was determined by trypan blue exclusion method as described (Patterson, 1979; Brining, 1997) . LDH cytotoxicity test. Lactate dehydrogenase (LDH) activity in the previously frozen supernatants was measured using a cytotoxicity detection kit (Takara Bio Inc., Shiga, Japan), according to the manufacturer's instructions.
TUNEL assay
TUNEL analysis was performed to measure the degree of cellular apoptosis using an in situ ApoBrdU DNA fragmentation assay kit (BioVision, CA), following the manufacturer's instructions. Cells were fixed by suspending them in 70% (v/v) ethanol. The sample was then incubated with DNA-labeling solution for 1 h at 25°C. Each sample was then exposed to an antibody solution and allowed to react for 20 min; pictures were taken at 20× objective using a fluorescent microscope (Nikon ECLIPSE 80i, Nikon Corporation).
Western blotting
MG 63 cell was lysed in a lysis buffer (25 mM HEPES; pH 7.4, 100 mM NaCl, 1 mM EDTA, 5 mM MgCl2, 0.1 mM DTT, and protease inhibitor mixture). Proteins were electrophoretically resolved on an 8-15% SDS (sodium dodecyl sulfate) gel, and immunoblotting was performed as previously described (Seol et al., 2007) . The antibodies used for immunoblotting were Rap 1A, caspase-3, DR 5, phosphop38 and β-actin (Santa Cruz, CA).
Immunofluorescent staining
MG 63 cells cultured on glass slides were fixed with cold acetone and blocked by 5% FBS in TBST and incubated with rabbit active caspase-3 antibody (R&D systems) overnight at 4 o C. After washing with TBST, cells were incubated with anti-rabbit IgG conjugated with Alexa Fluor Ⓡ 546 (red). Cells were washed with TBST, mounted with florescence mounting medium (Dako) and observed under a fluorescence microscope (Nikon ECLIPSE 80i, Nikon Corporation).
Statistical evaluation
All data are expressed as means ± standard deviation (SD), and mean's compared using Student's t-test and the ANOVA Duncan test with the SAS statistical package. The results were considered significant for values of *P ＜ 0.05, **P ＜ 0.01.
